This study was designed to isolate Ca 2+ -activated K + current (IKCa) and elucidate its physiological significance in freshly isolated interstitial cells of Cajal (ICCs) of guineapig stomach. Single ICC was freshly isolated by enzymatically dissociating from myenteric border of gastric antrum free of circular muscles, and conventional wholecell voltage clamp technique including immunohistochemical techniques were employed to characterize the cells: In myenteric border of gastric antrum, ICC-MY (ICCs from myenteric border) were detected by immunohistochemical reactivity, and single ICC-MY which has many branches was immunohistochemically c-Kit positive. Under K + -rich and 0.1 mM ethylene glycol-bis (2-aminoethyl ether)-N,N,N′ ,N′ -tetraacetic acid pipette solution, ICC produced spontaneous inward current (-256± ±92.2 pA). When step-depolarizing pulse from -80 to +80 mV was applied at holding potential (Vh) of -80 mV, voltage-dependent outward currents were recorded with superimposed spontaneous transient outward currents (STOCs). Both STOCs and outward currents were reversibly affected by tetraethylammonium chloride (TEA) and iberiotoxin (IbTX); 2 mM TEA and 200 nM IbTX completely abolished STOCs and significantly inhibited outward K + current over the whole potential range tested for current/voltage (I/V ) relationship. In addition, TEA delayed repolarization phase of spontaneous inward current. The present results indicate the presence of IKCa in a single ICC, and it might be involved in regulation of repolarizing phase of spontaneous inward current in guinea-pig stomach.
INTRODUCTION
Spontaneous gastrointestinal (GI) motility is controlled by interstitial cells of Cajal (ICCs), which are known to produce pacemaker potential (1, 2) . Spontaneous electric oscillation from ICCs spreads to neighboring GI smooth muscle cells via gap junction and, therefore, ICCs time the phasic contraction such as peristalsis.
ICCs are distributed in various regions of GI tract, and the population of ICCs can be grouped according to their regional distribution: ICC-MY (myenteric border), ICC-IM (intramuscular ICC), ICC-SM (submucosal surface), ICC-DMP (deep muscular plexus), and ICC-SEP (septa between muscle bundle) (3, 4) . In general, pacemaker potentials of stomach are generated from ICC-MY as in small intestine and spread to neighboring circular and longitudinal smooth muscles (5, 6) , whereas, ICC-IM of stomach and pyloric sphincter is known to form synaptic connection with nerve terminals of enteric motor neurons (7, 8) and plays a crucial role in receiving inputs from motor neurons (9) . Therefore, functions of ICCs seem to be diverse and dependent on the organ and/or species (3, 4, 9) . Because ICC-MY (or ICC-SM in some species) produces spontaneous inward periodic current, it seems to be the genuine pacemaker cell of GI tract (10) (11) (12) .
Because not observed in the absence of ICC, slow wave is regarded as a functional expression of ICC. To date, several types of conductance have been isolated as a major contributor for generating spontaneous inward current from ICC; Ca 2 + -inhibited nonselective cationic and Ca 2+ -activated Cl -conductance including ether-a-go-go related gene (ERG) K + channel in cultured murine ICC (13) (14) (15) . Even [Ca 2+ ]i handling in mitochondria has been suggested as a main mechanism for generating spontaneous activity (16) , and periodic intracellular Ca 2+ oscillation of ICC has also been reported (17, 18) . Further, slow wave of GI tract is affected by removing extracellular Ca 2+ (19, 20) , and the existence of K + channels, known to reduce membrane excitability by activating outward K + current, was already reported in GI tract (21, 22) , including Ca 2+ -activated K + channel (KCa channel) of canine colonic ICC-SM (11) . Therefore, termination of slow wave by activating channel might be one of the possible explaining physiological relevance of this channel in the regulation of GI rhythmicity (23). Indeed, it has been postulated that activation of KCa channel in GI tract reflects repolarization phase of slow wave (24).
However, there are some controversies regarding the role of KCa channel. Tetraethylammonium chloride (TEA), known to block KCa channel, failed to show regulatory effect on murine slow wave (15) , and the existence of KCa channel has not yet been verified in either freshly isolated murine network ICC or in cultured one (25). Even in freshly isolated murine ICC network, spontaneous outward K + current has been reported as a current recorded from fibroblast-like cells (FLCs). In GI tract, physiological function and typical motility pattern show the characteristics of each region; stomach for grinding and small intestine for absorption, thus suggesting that complicated mechanisms might underlie such regional regulation. Considering all the above uncertainties, we felt it necessary to verify the existence of KCa conductance in ICC and characterize its function. Therefore, this study was designed to isolate and elucidate the physiological relevance of KCa current (IKCa) in freshly isolated gastric ICC of guinea-pig.
MATERIALS AND METHODS

Preparation of ICC
Guinea-pigs of both gender, weighing 300-350 g, were anesthetized with fluoromethyl 2,2,2-trifluoro-1(trifluoromethyl) ethyl ether (sevoflurane, Maruishi Pharma., Osaka, Japan), and exanguinated after stunning or decapitation. All experiments were performed in accordance with the guidelines for the animal care and use approved by the Chungbuk National University, The Physiological Society of Japan and Shanghai Jiaotong University. The antral portion of stomach was cut, and the mucosal layer was separated from the muscle layers in Ca 2+ -free physiological salt solution (Ca 2+ -free PSS). Then, the circular muscle layer of the tissues was carefully removed from the longitudinal layer by sharp dissection with fine scissors under dissecting microscope. Through these processes, we obtained myenteric border upward antral tissue including longitudinal layer. Then, the tissue was cut into small segments (3×3 mm). These segments were incubated in Ca 2+ -free PSS for an hour at 4℃. Then, they were incubated for 15 min at 36℃ in the digestion medium containing 0.1% collagenase (Wako, Osaka, Japan), 0.05% dithiothreitol, 0.1% trypsin inhibitor and 0.2% bovine serum albumin. After the digestion, the supernatant was discarded, and the softened muscle segments were transferred into Ca 2+ -free PSS, and single cells were then dispersed by gentle agitation with a wide-bore glass pipette. Isolated gastric ICCs were kept in Ca 2+ -free PSS at 4℃ until use. All experiments were carried out within 6 hr of harvesting cells. Temperature for conventional whole-cell voltage clamp experiment was controlled at 32℃.
Voltage-clamp patch experiments
Isolated cells were transferred to a small chamber on the stage of an inverted microscope (IX-70 or IX-71, Olympus, Tokyo, Japan). The chamber was perfused with PSS (2-3 mL/ min). Glass pipettes with a resistance of 2-5 M were used to make a giga seal of 5-10 G , by using standard patch clamp techniques (26). Membrane currents were amplified with 200B patch-clamp amplifier (Molecular Devices, Sunnyvale, CA, U.S. A.) , and data were digitized with Digidata 1220 or Digidata 1322, stored directly and digitized on-line using pClamp software (version 5.5.1 or 9.2). Data were displayed on a digital oscilloscope and a computer monitor, and data were analyzed using Origin software and pClamp 6.0 (pClamp 9.2). 
Solution and reagents
Ca
Immunohistochemical labeling of ICC
The stomach was cut along the lower curvature, and the mucosa and circular muscle layers were dissected away. For the detection of c-Kit positive ICC-MY on myenteric border, circular muscular layer from antrum was carefully removed by fine scissors. Preparations were processed to immunohistochemically reveal ICC using an antibody: To visualize cells expressing c-Kit immunoreactivity, tissue and single isolated ICC were incubated for an hour in PSS containing monoclonal antibodies raised against the c-Kit protein (ACK-2, diluted 1:100, eBioscience, San Diego, CA, U.S.A.) (27). Then, tissue was washed 5 times with PSS. And single ICC was centrifused (1,000 r.p.m.) and the pellet was washed 4 times with PSS. Then, tissue and single isolated ICC were incubated for an hour in an anti-rat IgG antibody labeled with a fluorescent marker (goat anti-rat IgG Texas Red, 1:500, Molecular probes, Eugene, OR, U.S. A.) . Then, the preparation was pinned out on a Sylgard block (silicone elastomer, Dow Corning Corporation, Midland, MI, U.S.A.) which had window of some 3×3 mm in the center. The Sylgard block was turned over and then placed at the bottom of the chamber, so that the preparation faced a glass coverslip. The distribution of ICC-MY was determined by constructing z-stacks from the myenteric region where networks of c-Kit positive cell were apparent in guinea-pig stomach. The cells were examined with a Leica Type TCS SP2 AOBS confocal microscope (Leica Microsystems, Heidelberg GmbH, Gra_ felfing, Germany) under Leica inverted microscope (Leica DMIRE2, Leica, Germany). Optical lense of dry type of 40.0× and NA (0.75) was used (Leica Microsystems). Confocal image was captured with an excitation wave length appropriate for Texas Red (488 nm). Final images were constructed with Leica Confocal Software Ver. 3 .0 (Leica Microsystem).
Statistics
Data are expressed as means±standard errors of the mean (means±SEM). The Student's t-test was used wherever appropriate. P value less than 0.05 was regarded as statistically significant.
RESULTS
Distribution of ICC-MY in the gastric antral region of guinea-pig
Under confocal microscope, c-Kit immunohistochemical reactiviry was detected in the myenteric border. As shown in Fig. 1A , typical phenotypes such as fusiform cell body and multi processes in the central area of the cell were observed (1, 4, 27) . Furthermore, these cells were connected to each other and formed two dimensional networks in myenteric border (n=3). Therefore, it is highly likely that these cells are ICC-MY.
Identification of freshly isolated ICC from gastric antral region of guinea-pig As described above under Method, we also isolate fresh noncultured single ICC-MY from the gastric myenteric border of guinea-pig using simple enzyme treatment. As shown in the right panel of Fig. 1B , single ICC from the myenteric border (the right panel in Fig. 1B ) have many processes and it was easily discernable when compared with spindle like and non branched GI smooth muscle cell (the left panel in and Texas red, and unbound antibodies were washed out at least 4 times by centrifugation (1,000 r.p.m.). As shown in the left pannels of Fig. 1C , isolated single ICC from guinea-pig gastric antral myenteric border showed typical ICC phenotype under phase contrast condition (the left panel in Fig. 1C ) (1, 4, 27) . In addition, it also expressed c-Kit immunohistochemical reactivity under confocal microscope (the middle and right panels of Fig. 1C) . On the other hand, phenotype of smooth muscle was absolutely different from that of ICC and also it did not express c-Kit immunohistochemical reactivity (data not shown). To further confirm the identity of ICC, we also recorded spontaneous inward current from c-Kit positive cell. Under conventional whole-cell voltage clamp and K + -rich pipette solution (Vh=-100 mV), ICC freshly isolated from guinea-pig gastric antrum generated spontaneous inward current with mean amplitude of -256±92.2 pA (n=9; Fig. 1D ). To record and characterize IKCa in single ICC freshly isolated from guinea-pig gastric antrum, conventional whole-cell voltage clamp experiment was performed at 32℃. When step depolarizing pulse from -80 to +80 mV was applied at holding potential of -80 mV, voltage dependent outward current, which superimposed spontaneous transient outward K + currents (STOCs) on each traces, was recorded ( Fig. 2A-C) . The peak and steady state outward current recorded at +80 mV were 3,820±666.9 pA and 2,095±417.9 pA, respectively (n=9). STOCs were also observed by application of ramp-hyperpolarizing pulse from +80 to -120 mV at Vh=-60 mV (Fig. 2B) . Both outward K + current and STOCs were significantly inhibited by tetraethylammonium chloride (TEA, 2 mM): 2 mM TEA completely blocked STOCs (Fig.  2C) , while outward K + current was also significantly inhibited in a reversible manner compared to the control (Fig. 2C,  D) . As shown in Fig. 2D and E, the peak and steady-state outward current recorded at +80 mV were 3,863±1,142 pA and 2,009±604.7 pA, respectively. Furthermore, they were significantly inhibited by 2 mM TEA to 1,109±369.1 pA and 654±190.9 pA, respectively (n=5, respectively; P< 0.05). Five mM TEA inhibited these peak and steady-state currents to 593±290.3 pA and 438±194.5 pA, respectively (n=3, data not shown). Iberiotoxin (IbTX), which is known to inhibit IKCa specifically, also inhibited both outward K + current and STOCs significantly. As shown in Fig. 3A , B, the peak and steady-state outward current recorded at +80 mV were suppressed by IbTX (200 nM) to 24±6.8% and 33±12.9% of the control, respectively (n=3, respectively; P<0.05). Inhibitory effect of TEA and IbTX on IKCa was also observed at whole potential ranges tested in current/voltage (I/V) relationship (Fig. 2E, 3B ). In addition, TEA significantly delayed repolarization phase of spontaneous inward current. Fig. 3C shows trace of spontaneous inward current in the presence of 5 mM TEA. When currents at 10 sec after spontaneous inward current reached the peak level were compared in the absence and presence of 5 mM TEA, it was decayed to 9.0±4.4% and 56±13.3% of the control, respectively (n=3; P<0.05). Thus, the present study provides evidence on the existence of IKCa in single isolated ICC and its physiological function for regulation of spontaneous inward current in guinea-pig stomach.
DISCUSSION
In the present study, we established a method to dissociate and identify a single ICC from guinea-pig gastric antrum. Then we tried to isolate IKCa and study its physiological role in the regulation of slow wave. The results indicated that IKCa exists and that this channel might be involved in the regulation of repolarization of pacemaker current.
ICCs are known to express c-Kit immunohistochemical activity and typical phenotype such as branches (1, 4, 27) . Because of these characteristics, ICCs are easily distinguished from that of gastric smooth muscle cells which have spindlelike shape and no branches (Fig. 1B, left panel) . Using these criteria, we were able to establish the method for harvesting single ICC-MY from gastric antrum (Fig. 1B, C) . However, for further confirmation, it should be verified whether isolated ICCs produce spontaneous inward activity, since pacemaker potentials are known to be generated from ICC-MY in the stomach and small intestine, and then propagate to neighboring smooth muscles, resulting in slow waves and follower potentials (5, 6). In colon, however, ICC-SM as well as ICC-MY are known to be pacemaker cells in some species (11). Therefore we recorded spontaneous inward current using single ICC under whole-cell voltage clamp technique to confirm spontaneous activity from single ICC. For recording of spontaneous inward current, Vh was held at -100 mV to give more strong driving force to cell. Fig. 1D shows spontaneous inward current, and these currents are irregular and sparse in frequency. Similiar characteristics of spontaneous inward current have also been observed in cultured single ICC from murine small intestine and colon (10, 27). Synergism or synchronization of each spontaneous activity from individual cells of network ICC-MY might be plausible explanation for the robust and regular generation of pacemaker potential observed at tissue level. It is also possible that some intracellular molecules and/or cross-talk between intracellular signal transduction pathways might be involved in this process.
Further investigation is required to clarify these possibilities. Since spontaneous inward current from cultured single ICC of small intestine is reported to be irregular (10) , most studies on ICCs have been performed using cultured murine network ICCs from 10-12 days-old mice (10). However, single ICC should eventually be isolated fresh from tissue and used, because this process seems to be the best way to elucidate underlying mechanism of human pacemaker activity by stable space clamping (26). To date, only a few electrophysiological studies have been performed by using freshly isolated ICCs from GI tract (11, 25, 28) . Even though the results in these studies suggest possibility of studying ICCs at single cell level, it is, nevertheless necessary easier and more stable way to obtain ICCs. Because freshly isolated single ICCs are essential to solve functional GI dysmotility and diseases as well as elucidate pacemaker mechanism. In fact, ICCs play important roles, ranging from generation of pacemaker activity to neuronal mediation for coordinating rhythmic GI motility (5-9). Therefore, significant reduction of ICC density, constructional destruction, or abnormal functions of ICCs have been implicated in many GI diseases. For example, injury and/or decreased number of ICCs with subsequent alteration of motility are suggested to be responsible for clinical human disorders such as constipation, acquired megacolon, inflammation (29, 30) and infection-induced motility disorder (30). These observations together indicate that in vitro culture system for the study of pacemaker mechanism in GI tract might limit our research goal to human level. Therefore, we are extremely fortunate that we successfully built the way for harvesting single non-cultured ICC from guinea-pig stomach.
In both cultured and freshly isolated ICC, several conductances have been reported (13) (14) (15) . IKCa has already been identified in freshly isolated canine ICC-SM, even though c-Kit immunohistochemical reactivity was not evaluated in that case (11) . Goto et al. (25) suggested two types of spontaneous inward and outward current from different types of murine cells in myenteric border tissue, and reported two types of cells from myenteric border: c-Kit-positive CD34-negative cells and c-Kit-negative CD34-positve cells. Furthermore, the generation of spontaneous inward pacemaker current was due to the activation of nonselective cation channel (NSC) from murine intestinal network ICCs (14) , and spontaneous outward K + current was suggested to be responsible for the generation of spontaneous outward current and potential fluctuations in FLCs. However, they did not observe any more major time-dependent and voltage-dependent currents (25). In this report, ICC-MY was shown to have only one major conductance; in other words, ICC-MY and FLCs expressed spontaneous inward and outward current via NSC and K + channel, respectively. However, voltage-dependent inward Ca 2+ currents have already been reported in ICC (27, 28), and IKCa has been isolated in freshly isolated canine ICC (11) . In the present study, we also identified ICCs which generate spontaneous inward current, and these ICCs showed IKCa with STOCs superimposed on each traces ( Fig. 2A-C) . KCa channel is ubiquitous, and has been described in many kinds of GI smooth muscles (21, 23, (31) (32) (33) (34) . In general, they have large conductance and high density on cell membrane (22, 23) . As shown in Fig. 2C -E, outward K + current recorded from ICC-MY was significantly inhibited by TEA (2 mM). In addition, IbTX (200 nM) inhibited outward K + current of ICC-MY significantly (Fig. 3A) . Since low concentration (2 mM) of TEA is known to block KCa channel in various types of cells including GI smooth muscle cell and IbTX is also known as specific inhibitor of IKCa in smooth muscle cell, we were able to identify IKCa from freshly isolated single ICC-MY which is c-Kit positive (11, 34, 35) . Generally, activation of K + channels is suggested to reduce excitability, and KCa channel has also been suggested to contribute to termination of slow wave in GI tract such as canine colon and gastric antrum (11, 23, 31) . This possibility was supported by the observation that duration of slow wave was highly increased by TEA treatment (24). In this study, we identified freshly isolated ICC and IKCa in this study, however, in order to more easily detect single ICC, our protocol has to be improved and upgraded. Since the number of ICC-MY is still less than that of GI smooth muscle, we will also try to apply more specific conditions to cells after the protocol is upgraded in future.
Slow wave of GI tract is not abolished by Ca 2+ channel antagonists, however, upstroke velocity and plateau amplitude are known to be reduced by Ca 2+ channel antagonists and by reduction of extracellular Ca 2+ (19, 20) . Membrane depolarization and increase of intracellular Ca 2+ observed during slow wave event must necessarily affect KCa channel. Therefore, KCa channel is expected to be involved in the regulation of reploarizing phase in pacemaker event. In the present study, we expected that this TEA-sensitive IKCa could be recorded under low [Ca 2+ ]i buffering condition by intracellular application of 0.1 mM EGTA (Method), and also pursued possible involvement of KCa channel in the regulation of repolarization phase of spontaneous inward current from freshly isolated ICCs. As described in results section, repolarizing phase of spontaneous inward current was significantly delayed in the presence of 5 mM TEA. These results suggest that TEA-sensitive KCa channel in ICC-MY might play a role in shortening current duration, which is probably related to the modulation of repolarization phase. However, this interpretation could be challenged, since there are still controversies about the existence of KCa channel and its physiological role in the regulation of slow wave in mouse (15, 25) . Pattern of spontaneous activities of ICCs in network is very different from that of single ICC, including amplitude, frequency and regularity, therefore, direct comparison between single and network ICCs should be difficult. KCa channel might be related to another unknown mechanism in tissue state.
As shown in Fig. 2A-C (6, 16, 17) . In fact, one of the main conductance-underlying-pacemaker event in ICC seems to be under the control of Ca 2+ cycling from SR to mitochondria via IP3 receptor (see the diagram in Kim, et al. [27] ) (16) . In cerebral artery, Ca 2+ -sparks elicited STOCs and the resulting hyperpolarization seems to bring about relaxation of smooth muscle (37). Physiologically, Ca 2+ sparks were also suggested to play an important role in the stabilizing membrane potential or the generation of contraction (38). As seen in Fig. 2C , STOC in ICC was totally abolished by application of 2 mM TEA and 200 nM IbTX (data not shown), indicating the existence of STOCs in ICC freshly isolated from GI tract. Unfortunately, however, we could not evaluate the physiological significance of STOCs recorded from ICC in this study; it might also play a role in the repolarization and/ or stabilizing of membrane potential.
To our best knowledge, this is the first report to demonstrate successful isolation of non-cultured c-Kit positive cells from the myenteric border of guinea-pig antrum. Furthermore, we recorded TEA-and IbTX-sensitive IKCa with STOCs which might be involved in the regulation of repolarization phase of spontaneous inward current. This study is expected to be useful in elucidating underlying mechanisms of pacemaker response in ICCs of adult animals including human.
